Based on game theory, a distributed power control algorithm with sequential subchannel nulling is proposed for ad-hoc networks. It is shown that the proposed method, by sharing subchannels appropriately according to the interference profiles, can reduce the power consumption of the network while satisfying the target rate of each link.
Introduction
Game theory has drawn much attention in the design of self-organizing and adaptive wireless networks owing to its mathematical capability of analyzing the interaction among independent decision-makers [1] . In particular, game theory has been actively applied for distributed resource allocation of different goals in ad-hoc and cellular networks [2] - [9] .
In ad-hoc networks with single carrier modulation, power control games among the links have been so designed as to reduce the total transmit power (TP) of the network under the rate constraints [3] , as to maximize the data rate with some pricing on the TP [5] , and as to maximize the energy efficiency (in bits/joule) [8] . When multiple channels are available for ad-hoc cognitive radios, a single channel selection game without power control was also considered to reduce the total interference [7] . On the other hand, in cellular networks with mutli-carrier or orthogonal frequency division multiplexing (OFDM), power allocation over the subchannels (SCHs) has been studied with game theory to minimize the power under the rate constraints in [4] , to maximize the energy efficiency [6] , and to maximize the capacity [9] .
In this letter, we introduce the SCH concept of OFDM [4] , [9] to the game model of [8] and propose to null a portion of SCHs sequentially to cope with the divergence of the game in strongly interfered environments. The problem considered here is similar to that of [4] in that TP allocation is performed over the SCHs to minimize the TP under the rate constraints: the other works have different game models from ours due to the difference in the goals. In addition, our work is distinct from [4] the SCHs is chosen as the action of the game, ii) a concave utility function is defined with a pricing factor, and iii) SCH nulling is performed in an autonomous and distributive manner without any help of a central node.
System Model and Problem Formulation
Consider K links (transmit/receive node pairs) communicating in the same channel in a wireless ad-hoc network. The channel is divided into S (≥ K) SCHs which can be 'active' with positive power allocated or 'nulled' with zero power allocated. We assume frequency-flat fading for all links with G jk denoting the channel gain from the transmit node of link j to the receive node of link k as in [8] . We also assume that the power of the background noise is identically σ 2 for all links.
Let Assume that all SCHs are active with the TP equally allocated as p k,s = p k /S . The problem is then equivalent to that in [8] and expressed as
where ii) can be represented in a matrix form as [10] (I − F) p ≥ w.
Here, I is the identity matrix,
and F is a matrix with diagonal elements F kk = 0 and off-diagonal elements
* only if ρ(F) < 1 from the Perron-Frobenius theorem and properties of M-matrices [11] , where ρ(F) is the spectral radius of F.
If ρ(F) ≥ 1, there is no feasible solution to the problem (1). In such a case, we allow some links to transmit the data only over a portion of SCHs while shutting down the other SCHs. Then the problem can be reformulated with the index set I k of active SCHs as
is the signal to interference and noise ratio (SINR), normalized by p k,s , of link k at the sth SCH. The optimal solution (I * k , p * k ) of (3) can be obtained by computing all power vectors {p k } for 2 S K possible combinations of active SCHs with the information on {G jk }, {r t k }, and σ 2 gathered from all links. To avoid such a large computational complexity and signaling overhead of the optimal method, we provide a distributed suboptimal algorithm employing sequential SCH nulling based on the game theory.
In passing, we would like to note that, for some values of {G jk }, {r t k }, and σ 2 , there may be no feasible solution to (3) if S < K. Nonetheless, since we assume that S ≥ K, we can always obtain a feasible solution for example by letting each link occupy a single SCH exclusively.
Game Model
The underlying game model for the proposed algorithm can be described as
K} is the set of links playing the game,
is the set of actions p k available to link k defined by a set C k (⊆ {1, 2, · · · , S }) of candidates for active SCHs, and u k is the utility function that link k wishes to maximize. After TP allocation with C k , we obtain the set
The utility function is defined as
where μ k > 0 is the pricing factor to make the best-response (i.e., utility-maximizing) action of link k satisfy the target rate r t k at minimum power when the actions 
where
and
where o(l) denotes the SCH index of the lth largest α k,s for s ∈ C k . Specifically, starting from j = |C k |, where |·| denotes the cardinality, we evaluate
with the Lagrangian multiplier λ k > 0. The solution of the problem is given by
where λ k is the value satisfying
from
. Hence, we can obtain μ k in a manner similar to the water-filling algorithm: assuming p k,s > 0 for s ∈ C k , we (10) and check the validity of μ k with p k,s =
If there exists any p k,s < 0 for μ k obtained, we recalculate μ k after removing the SCH of the smallest SINR α k,s . This process continues until we get a valid μ k , which is what we have described on μ k in the paragraph following (7).
From the above discussion, we have the following observation for game G.
Proposition 1:
There exists at least one Nash equilibrium Proof: Since u k is a concave function of p k over the nonempty convex action set A k (C k ), there exists at least one NE from [12] . The NE consists of the best-response actions since the best-response action
Proposed Algorithm
We now propose a distributed power control algorithm with sequential SCH nulling using the utility functions {u k } of game G to obtain a suboptimal (I k , p k ). In the proposed algorithm, each link chooses the best-response action p k from A k (C k ) in turn, regarding the actions of the other links fixed. In the iterative process of choosing p k , the link is allowed to change C k (called SCH nulling) for subsequent power allocation if the current best-response action p k of the link is not satisfactory.
Let us denote the iteration number with a parenthesis: for example, we will use p k (i) and C k (i). Initially, we set all SCHs active (that is, C k (0) = {1, 2, · · · , S }). At iteration i, link k takes the turn of local power allocation, selecting p k (i) as (6) with action set A k (C k (i − 1)) and local information {α k,s (i)}. If p k (i) so selected is satisfactory, the link does not change the action set: that is, C k (i) = C k (i − 1). Otherwise, the link performs SCH nulling by selecting half of the SCHs with the largest SINR {α k,s (i)} from C k (i − 1) to build C k (i) and then allocates TP p k (i) again with A k (C k (i) ). Note that the proposed algorithm does not require the game mediator employed in [4] Since the purpose of SCH sharing among the links is to reduce the TP by using a larger bandwidth in supporting the same rate, it would be better not to share some of SCHs if the TP with SCH sharing is higher than that without SCH sharing due to the interference. We would also like to note that the final sets {I o k } of active SCHs may be different according to the link order in TP allocation. Nonetheless, the worst case of the final states induced by the SCH nulling is the orthogonal usage of SCHs among the links, which always guarantees the TP of the proposed method lower than that of the orthogonal usage of SCHs.
Numerical Results
This section investigates the performance of the algorithm when K = 4, S = 4, and σ 2 = 2.5 × 10 −11 mW. For comparison, we also consider the conventional method ('conv') that performs power control game with equal TP for all SCHs [3] , the orthogonal method ('orth') that assigns single orthogonal SCH to each link, and the optimal method ('opt') that searches over all possible combinations of SCH allocation among the links to obtain the minimum TP of the network. Figure 1 shows the dynamics of TP p k (i) when the target rate is r In the figure, the solid, dotted, dash-dotted, and dashed lines denote the TP allocation of the proposed, conventional, orthogonal, and optimal methods, respectively. The order of TP allocation is 1 → 2 → 3 → 4 (case I) in Fig. 1(a) while it is 4 → 3 → 2 → 1 (case II) in Fig. 1(b) . It should be noted that the proposed and conventional methods show the same dynamics of TP at the beginning of iterations since the two methods are equivalent when all SCHs are active. If SCH nulling occurs in the proposed method (as observed at iteration 2 of link 3), the TP of the proposed method becomes larger than that of the conventional one due to the bandwidth reduction. However, the TP of the proposed method converges to an equilibrium state of lower TP since the links strongly interfering with each other are automatically allocated to different SCHs: on the other hand, the TP of the conventional method diverges since the links increase their TP in turn to overcome the stronger interference from the other links due to the increased TP. In equilibrium, the proposed method can result in the same minimum TP as the optimal method as shown in Fig. 1(a) when the active SCH sets are the same as those of the optimal method as shown in Fig. 2(a) . In some cases, the proposed method may result in a higher TP than the optimal method (but lower TP than the orthogonal method) as shown in Fig. 1(b) depending on the active SCH sets as shown in Fig. 2(b) . In essence, the proposed method performs better than the conventional and orthogonal methods with the equilibrium TP closer to that of the optimal method.
We now evaluate the average TP consumed by the network in the weakly interfered (WI) and strongly and weakly interfered (SWI) environments. With G kk = 1 fixed, {G jk , j k} are randomly generated 50000 times each from uniform distribution [3] over the interval (0, 0.01) in the WI case and over the interval (0, 0.2) in the SWI case. To avoid unbounded increase of the TP in the conventional method as observed in Fig. 1 , we limit the maximum TP to 10 −6 mW. In addition, the TP allocation order is randomly selected in the proposed method. For reference, we have also included the performance achievable by introducing the genie-like game mediator for SCH selection in the proposed algorithm ('Prop-GM'). Table 1 summarizes the average TP consumed by the network when the target rate is 1, 2, and 3 bps/Hz. In the WI case, the orthogonal method performs worse than the other methods performing identically: the conventional method works well as observed in [3] . In the SWI case with r t k = 2 and 3 bps/Hz requiring higher TP, the proposed method significantly outperforms the conventional method by avoiding the interference via SCH nulling: the performance lies between that of the orthogonal and optimal methods. By introducing the genie in SCH nulling, we can reduce the average TP slightly but the gain is negligible. Hence, we can expect that the proposed method without the genie can perform satisfactorily in various interfering environments by sharing the SCHs among weakly interfering links and utilizing the SCHs orthogonally among strongly interfering links.
Conclusions
We have proposed a game-theoretic distributed power control algorithm with sequential SCH nulling for ad-hoc networks. To minimize the power consumption under rate constraints, the algorithm employs not only a game model in which each link selects its TP on SCHs but also the idea of partial use of SCHs in the interference limited region.
Simulation results show that the proposed method consumes significantly less TP than the conventional and orthogonal methods. In addition, the proposed method enables the links in the network to adapt to their interference environments by themselves without resorting to centralized control.
